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experimental autoimmune encephalomyelitis (EAE), when chal- 
lenged with myelin-associated antigens (15). Moreover, the 
neuroprotective T cell response is amenable to boosting by 



The myelin-associated protein Nogo-A has received more research 
attention than any other inhibitor of axonal regeneration In the 
injured central nervous system (CNS), Circumvention of its inhibi- 
tory effect, by using antibodies specific to Nogo-A, has been shown 
to promote axonal regrowth. Studies in our laboratory have 
demonstrated that active or passive immunization of CNS-injured 
rats or mice with myelin-associated peptides induces a T-cell- 
mediated protective autoimmune response, which promotes re- 
covery by reducing posttraumatic degeneration. Here, we show 
that neuronal degeneration after Incomplete spinal-cord contusion 
in rats was substantially reduced, and hence recovery was signif- 
icantly promoted, by posttraumatic immunization with p472, a 
peptide derived from Nogo-A. The observed effect seemed to be 
mediated by T cells and could be reproduced by passive transfer of 
a T cell line directed against the Nogo-A peptide. Thus, it seems that 
after incomplete spinal-cord injury, immunization with a variety of 
myelin-associated peptides. Including those derived from Nogo-A. 
can be used to evoke a T cell-mediated response that promotes 
recovery. The choice of peptide(s) for clinical treatment of spinal- 
cord injuries should be based on safety considerations; in partic- 
ular, the likelihood that the chosen peptide will not cause an 
autoimmune disease or interfere with essential functions of this 
peptide or other proteins. From a therapeutic point of view, the 
fact that the active cellular agents are T cells rather than antibodies 
is an advantage, as T cell production commences within the time 
window required for a protective effect after spinal-cord injury, 
whereas antibody production takes longer. 

Substantial progress has been made in understanding why the 
injured central nervous system (CNS) fails to regenerate and 
why the damage caused by the primary insult is propagated 
rapidly and irreversibly beyond the initial lesion. In the search for 
answers to these questions, considerable attention has been 
directed to myelin-associated inhibitors (1). One such inhibitor 
is Nogo-A (2-6), which was recently cloned and characterized 
(7). Monoclonal antibodies to Nogo-A were reported to facilitate 
axonal regrowth and some functional recovery when injected 
into the cerebrospinal fluid of rats after partial transection of 
their spinal cords (8, 9). 

Studies of animal models of partial and complete CNS lesions 
in our laboratory have shown that after CNS injury, the white 
blood cells of the immune system (macrophages and T lympho- 
cytes) can facilitate processes of protection, repair, and regen- 
eration (10-13). Axonal injury to the spinal cord evidently 
activates an anti-self (autoimmune) response mediated by T cells 
directed against myelin-associated antigens. This response was 
found to be beneficial for the injured nerve, as it can reduce the 
posttraumatic degeneration, an otherwise inevitable conse- 
quence of the injury (14). The ability to exhibit a protective 
autoimmune T cell response is genetically controlled and is 
inversely related to the inherent resistance of the individual or 
strain to the development of an autoimmune disease, such as 



passive or active immunization. Passive transfer of T cells 
reactive to myelin basic protein (MBP) significantly improves 
recovery from spinal-cord contusion in rats (10, 16). 

In seeking a way to convert the experimental immunization 
into an effective posttraumatic therapy, we have been testing 
peptides that are "safe" (i.e., do not induce autoimmune disease) 
and are derived from or crossreact with self-proteins (17-19). 
We found that vaccination with MBP or a spinal-cord homog- 
enate containing a variety of myelin proteins promotes morpho- 
logical and functional recovery of the injured spinal cords of both 
EAE-resistant and EAE-susceptible rats (17). This finding raised 
another question: would vaccination with myelin antigens that 
inhibit axonal outgrowth be similarly (or more) effective, or is 
the effect unique to a specific type of myelin protein? 

In this study, we examined whether posttraumatic immuniza- 
tion with a peptide derived from the myelin-associated growth- 
inhibitory protein Nogo-A (p472) can promote recovery from 
spinal-cord injury. If so, we were interested in finding out 
whether such peptides can reduce the spread of damage without 
risk of inducing an autoimmune disease, and whether the effect 
is mediated by antibodies or by T cells. 

Materials and Methods 

Animals. Inbred adult Sprague-Dawley (SPD) and Lewis rats 
(10-12 weeks old, 200-250 g) were supplied by the Animal 
Breeding Center of The Weizmann Institute of Science. The rats 
were matched for age and weight in each experiment and housed 
in a light- and temperature-controlled room. 

Antigens, MBP and ovalbumin (OVA) were purchased from 
Sigma. Altered (nonencephalitogenic) MBP peptide (Ala-91) 
was derived from an encephalitogenic peptide, amino acids 
87-99 of MBP, by replacing the lysine residue 91 with alanine 
(VHFFANIVTPRTP) (20). Both Ala-91 and the Nogo-A- 
derived peptide p472 (SYDSIKLEPENPPPYEEA) (7) were 
synthesized at the Weizmann Institute of Science (Rehovot, 
Israel). Antigens were emulsified in equal volumes of complete 
Freund's adjuvant (CFA; Difco) supplemented with Mycobac- 
terium tuberculosis (1 mg/ml; Difco). 

Spinal-Cord Contusion or Transection. Rats were anesthetized by i.p. 
injection of Rompun (xylazine, 10 mg/kg; Vitamed, Benyamina, 



Abbreviations: CNS, central nervous system: EAE, experimental autoimmune encephalo- 
myelitis; MBP, myelin basic protein; SPO. Sprague-Oawle^OVA. ovalbumin; CFA, complete 
Freund's adjuvant; RGC. retinal ganglion cells. 
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Fig. 1. Active posttraumatic vaccination with the Nogo-derived peptide 
p472 reduces paralysis after incomplete spinal -cord injury in SPD rats. Female 
5PD rats were subjected to spinal contusion at T8 inflicted by the N.Y.U. 
Impactor with a 10-g weight dropped from a height of 50 mm. Immediately 
after contusion, rats in one group (n = 6) were vaccinated with p472 emulsi- 
fied In CFA and rats In another group (n « 6) were injected with PBS only. 
Motor behavior was assessed weekly in an open field by observers blinded to 
the treatment received by the rat. Recovery was best in rats vaccinated with 
p472. Results are mean values of the motor score ± SEM. Significance of the 
difference between the groups was determined by using a two-tailed Stu- 
dent's ttest (*, P < 0.05; **,P< 0.0 1). 



by the pep tide-specific immunization was more pronounced than 
the CFA-induced boosting of the endogenous response. In the 
males, improvement in recovery after p472 immunization also 
was significant, although less substantial than in the females: 
behavioral scores were 5.1 ± 0.6 with p472 in CFA and 3.6 ± 0.2 
with PBS in CFA (Fig. 2/4). The better recovery in the female 
rats is in line with a recent finding from our laboratory (17). 
These two experiments raised a key question: how does the 
observed effect of the Nogo-A-derived peptide in reducing 
posttraumatic immunization compare with that of MBP-derived 
peptides? 

We recently reported that active posttraumatic vaccination of 
rats with an MBP-derived peptide (p87-99; Ala-91) altered by 
one amino acid replacement (Lys-91 by Ala) leads to significant 
neuroprotection (17). Here, we compared the effects of Ala-91 
and p472 (both emulsified in CFA). The results obtained with 
the peptide Ala-91 were better (Fig. IB). The highest locomotor 
score obtained was 6.6 ± 0.6 in rats immunized with Ala-91 in 
CFA compared with 3.4 ± 0.7 in rats injected with PBS in CFA. 
These results, and the small differences between control values 
in the two experiments (Fig. 2 A vs. B), indicate that both 
peptides are effective but do not permit definite conclusions 
about differences in their efficacy. 

In a second set of experiments, SPD males with a milder 
contusive injury (caused by a weight drop from a height of 25 
mm) were vaccinated with p472. As before, the effect was 
evident from day 14 on and was then significant at all times of 
assessment, according to a two-tailed Student's / test (Fig. 2C). 
The highest behavioral score in these rats was 8.9 ± 0.5, 
compared with 7.0 ± 0.45 after vaccination with PBS in CFA. 

The behavioral recovery scores of p472-immunized rats after 
a weight drop from 25 mm reached plateau values that exceeded 
the threshold values correlated with sparing of the rubrospinal 
tracts needed for weight support. To confirm that the^better 
recovery seen in these rats is related to a better survival of the 
rubrospinal tracts, we compared the integrity of the rubrospinal 
tracts in p472-immunized rats and rats injected with CFA in PBS 
(Fig. 2C). In rats with a BBB score around 8 (indicative of weight 
support), retrograde labeling gave an "all-or-none" indication of 
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Fig. 2. Comparison between vaccination with the Nogo-derived peptide 
p472 and the MBP-derived altered peptide Ala-91 in male SPD rats. (A) Male 
SPD rats were subjected to spinal contusion as described for Fig. 1. Immedi- 
ately after the contusion, the animals were randomly divided into two groups 
(n = 6 in each group). Rats in the first group were immunized with p472 in CFA. 
and rats in the second group were injected with PBS in CFA. Motor behavior 
was assessed as described for Fig. 1. Results are mean values of the motor 
score ± SEM. (fl) Male SPD rats were injured and grouped as in A and were 
immunized with Ala-91 in CFA or injected with PBS in CFA, Motor recovery in 
the Ala-91 -treated group, assessed as in A. was at least as good as with p472 
treatment. Results are mean values of the motor score ± SEM. (Q Assessment 
of recovery from a milder spinal contusion inflicted by dropping the 10-g 
weight from a height of 25 mm P < 0.05; P < 0.01). 

rubrospinal tract survival (28-30). The examined control rats 
(average BBB score = 6.5 ± 0.5) showed almost no labeled red 
nuclei. In the examined p472-immunized rats (BBB score - 
9.4 ± 0.3; n = 3), 142 ± 46 red nuclei were labeled (Fig. 3). 
To determine whether the immunity direcLed against Nogo-A 
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Fig. 3. Presence of proliferating T cells specific to p472 and absence of 
anti-p472 antibodies 1 week after vaccination with p472. 04) The proliferative 
response of splenocytes prepared from rats injected with p472 in CPA or with 
PBS in CFA to their specific antigen was compared with their proliferative 
response to the nonspecific antigen (OVA) in CFA or in the absence of antigen. 
Results are expressed as the mean cpm values of quadruplicate samples 
obtained from three different animals ± SEM. (fi) Antibodies in the treated 
rats were assayed by EUSA. The amount of antibodies detected in the rats 
immunized with p472 in CFA was not significantly greater than in those 
injected with PBS In CFA. Results are expressed by mean values (expressed in 
arbitrary units) ± SEM obtained from three rats, each tested in triplicate at 
each of the indicated dilutions. 



(yielding the improved recovery observed here) was of cellular 
or humoral origin, we examined the immunized rats for specific 
anti-p472T cells in lymph nodes and for antibodies in the serum. 
T cell proliferation assay revealed proliferating T cells in rats 
immunized with p472 in CFA when tested with the p472-derived 
peptide. The same lymphocytes were incubated with MBP- 
derived peptide (87- 99) or OVA as controls. No p472-specific 
T cells were found in control rats injected with PBS in CFA (Fig. 
4/4). Antibody assays revealed no significant differences in IgM 
antibody titer between the rats injected with p472 in CFA and 
those injected with PBS in CFA (Fig. AB). 

None of the immunized rats developed symptoms of EAE. 
Because SPD rats are resistant to EAE induction, we examined 
whether p472 immunization of the EAE-susceptible Lewis rats 
would induce the disease. No clear signs of EAE were observed. 
It is possible, however, that infiltrating Nogo-specific T cells 
caused silent clinical changes in the CNS, as reported with other 
myelin-derived autoantigens, for example, myelin -associated gly- 
coprotein (31, 32). 

T Cells Directed Against Nogo-A-Derived Peptide Are Neuroprotective 
When Passively Transferred into SPD Rats. The above results suggest 
that the neuroprotection observed after active vaccination with 
p472 is mediated by T cells specific to that peptide. To verify this 
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Fig. 4. Passive transfer of p472-specific T cells into spinally contused rats 
promotes recovery. Male SPD rats were subjected to spinal contusion as 
described for Fig. 1 . Immediately after contusion, the rats were divided into 
two groups (n = 5 in each group). Rats in one group were injected intraperi- 
toneally with p472-specificT cells (1 x 1 0 7 cells) in PBS, and rats in other groups 
were injected with PBS only. Motor behavior was assessed in an open field by 
observers blinded to the treatment received. Results are mean values of the 
motor score i SEM. Significance of the differences between the groups at 
each time point was determined by using a two-tailed Student's ttest (*, P < 
0.05). 



suggestion, we prepared a T cell line specific to p472. Passive 
transfer of anti-p472 T cells after spinal contusion in rats had a 
protective effect, which became apparent as early as 8 days after 
the injury; the highest behavioral score was 6 ;t 0.6 for rats 
treated with the T cells and 4 ± .0.5 for untreated controls (Fig. 
5). The efficacy of different routes of immunization (active and 
passive; compare Fig. 2A and Fig. 5) should be compared with 
caution because of the difference in their numbers of available 
T cells at the lesion site during the therapeutic time window. 
Also, the efficacy of passive T-cell transfer is critically dependent 
on matching between the MHC-II characteristics of donor and 
recipient, meaning that inbred strains and homologous cells must 
be used. The SPD strain, although not inbred, is stably hetero- 
geneous. It derives from a hybrid of Hooded males and Wistar 
females, with subsequent lines developed into a stable stock. The 
rats used in our studies were obtained from Harlan-Sprague- 
Dawley, and all were descended from the same original stock. 
We created a primary T cell line by in vitro propagation of 
lymphocytes from immunized SPD rats by using antigen- 
presenting cells (APCs) from other SPD rats. Thus, despite the 
heterogeneity, the rats evidently share enough homology in their 
expressed MHC-II for this purpose (for the in vitro propagation 
in this strain, we always used twice as many thymocytes as APCs 
than when working with inbred strains). Because of the heter- 
ogeneity, the passively transferred T cells might be less effective 
than in inbred rats using homologous cells; nevertheless, our 
results confirmed that the protection is mediated by T cells. 

Immunization with Nogo-A Reduces Loss of RGCs After Optic- Nerve 
Injury. The posttraumatic loss of RGCs can be significantly 
reduced by passive transfer of T cells directed against myelin 
antigens or by active immunization with these antigens (12, 18, 
19, 33). To determine whether active immunization is as effective 
with p472 as' with other myelin antigens, we immunized SPD 
rats with p472 emulsified in CFA. Control injured rats were 
injected with PBS emulsified in CFA. When the rats were 
immunized before the insult, the number of surviving RGCs, 
determined by retrograde labeling 2 weeks after the insult, was 
significantly larger in the p472-immunized rats than in the 
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Fig. 5. Immunization with p472 reduces RGC loss after partial crush injury of 
the rat optic nerve. (A) Rats were subjected to a calibrated crush injury of the 
optic nerve immediately before or 5 days after injection with p472 in CFA, PBS 
in CFA, orT cells directed to p472. (fl) Rats were immunized with Ala-91 in CFA 
or PBS in CFA immediately after optic-nerve crush. In both A and a. the optic 
nerves were re-exposed 2 weeks later, and a dye was injected distally to the 
primary lesion. After 5 days, the retinas were excised and whole-mounted, and 
the RGCs were counted by observers blinded to the treatment received by the 
rats. Results are expressed as the mean numbers of RGCs per mm 2 ± SEM. 



controls (Fig. 6A). Passive transfer of p472-specific T cells 
immediately after the insult had a beneficial effect on recovery, 
like that seen in our studies with T cells that are specific to myelin 
peptides or crossreactive with Cop-J (10, 18). Active immuni- 
zation with Ala-91 immediately after optic-nerve injury (Fig. 



6B), like passive transfer of the T cells specific to p472 (Fig. 6A), 
yielded a better RGC survival rate than that seen in the control 
(Fig. 6 A and B). This finding suggests that that both p472 and 
Ala-91 are potentially neuroprotective antigens, and that the 
possible difference in their immunogenicity is manifested by how 
promptly they induce a response. No such difference is observed 
when the T cells are passively transferred. 

Discussion 

Recovery from spinal-cord injury depends on the severity of the 
insult (location of injury and the number of spared neurons), the 
amount of secondary degeneration, the ability to regenerate, and 
the ability to activate local mechanisms of plasticity. Whereas the 
question of regeneration is still largely unsolved, much more is 
now known about neuroprotection in general, especially in the 
context of the spinal cord. In particular, it is now clear why 
neuronal degeneration continues to progress after the primary 
insult and how the damage is propagated. 

The design of therapeutic strategies has been hampered by 
some apparent contradictions in the findings of research, espe- 
cially concerning the question of whether the recovery process 
is advanced or impeded by inflammation (34, 35). Anti- 
inflammatory drugs were reported to be beneficial after spinal- 
cord injury, leading to the tentative conclusion that an inflam- 
matory reaction is bad for recovery (36). However, recent studies 
(14, 37, 38) indicate that the adaptive immune response, which 
is spontaneously evoked by a spinal-cord injury, is beneficial for 
recovery in some strains, depending on their inherent suscepti- 
bility to EAE (15). The T cell-dependent protective autoimmu- 
nity was found to be characterized also by sexual dimorphism, 
with female rats recovering better than males after spinal-cord 
contusion (E.H. et aL, unpublished work). The injury-evoked, T 
cell-mediated protective response was found to be boosted in 
EAE-resistant strains (or induced in EAE-susceptible strains) by 
passive transfer of anti-MBPT cells or by active vaccination with 
certain myelin -associated self-antigens (17). 

In this study, we show that a peptide derived from Nogo-A, a 
myelin component known to inhibit posttraumatic regeneration, 
can activate the immune system in a beneficial way. This peptide 
had a neuroprotective effect in the same model and with the 
same therapeutic time window as that shown by us to accom- 
modate a T cell-based therapy (10). Thus, after partial crush 
injury of the rat optic nerve or spinal cord, prompt vaccination 
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Fig. 6. Retrograde labeling of ceil bodies in the red nucleus. Three months after spinal contusion, rats from each group were re anesthetized, and the dye 
rhodamine dextran amine (Fluoro-ruby) was applied below the site of contusion. Five days later, the rats were killed, and their brains were excised, processed, 
and cryosectioned. Sections taken through the red nucleus were inspected and analyzed by fluorescence confocal microscopy. The photographs are of 
p472-immunized rats and of the control rats shown in Fig 2C. 
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(within 1 h after the injury) with Nogo-A-derived peptide 
emulsified in CFA evoked a T cell-mediated protective autoim- 
munity. Within this time window, we detected p472-specific T 
cells in the immunized injured rats, but no anti-p472 antibodies. 
Similar results were obtained after passive transfer of T cells 
specific to the Nogo-A-derived peptide. Therefore, we consid- 
ered it important to determine whether a peptide derived from 
Nogo-A has advantages over other myelin-associated peptides as 
a potential vaccine. Based on the present comparison with the 
effect of an MBP-derived peptide, the answer is that it does not. 

Recent studies reveal that, for protective autoimmunity, both 
autoimmune T cells and regulatory T cells are essential constit- 
uents of this network, but neither of them on its own suffices to 
bring about neuroprotection (39). When considering the use of 
a particular myelin-associated peptide for therapy, it is important 
to ascertain that the T cell response it elicits falls within the 
therapeutic window, and that it will confer the desired benefit 
without risking the development of an autoimmune disease. 
Also, such peptides should not elicit any immune activity that 
interferes with their essential physiological activities, if any. In 
susceptible rat strains, a modified encephalitogenic peptide was 
found to be beneficial (17). This study demonstrates that in 
EAE-susceptible rat strains, Nogo-A-derived peptides were not 
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